To study the relation between body mass index (BMI) and age on the one hand and total number of human (pre-) adipocytes and preadipocyte differentiation capacity on the other hand. SUBJECTS: In total, 189 women undergoing surgical mammary reduction, age range 16-73 y, BMI range 19.7-39.7 kg/m 2 . MEASUREMENTS: Differentiation of preadipocytes in primary culture was assessed by morphological criteria, and determination of glycerol-3-phosphate dehydrogenase after stimulation of the cells by standardized adipogenic conditions containing isobutyl-methylxanthine, troglitazone or both compounds. The total number of stromal cells (ie preadipocytes) and fat cells per gram of adipose tissue and per body as well as mature fat cell volume were calculated from isolated stromal cells and adipocytes, respectively, and anthropometric measures. RESULTS: BMI correlated positively to age, mature fat cell size and total number of adipocytes and stromal cells per body (r varying from 0.22 to 0.54, each Po0.05). In contrast, BMI correlated negatively to the number of adipocytes and stromal cells per gram of adipose tissue and the capacity of preadipocytes to differentiate (r varying from À0.20 to À0.37, each Po0.05). No significant correlation was observed between BMI and the ratio of stromal cells to adipocytes. The sample was also divided into three groups: BMI o25 kg/m 2 (lean), BMI 25-29.9 kg/m 2 (overweight) and BMI Z30 kg/m 2 (obese). The overweight group showed a larger fat cell size but no increase in total fat cell or stromal cell number when compared to the lean subjects. The obese subjects showed larger stromal and fat cell numbers when compared to the lean subjects. Age did not independently correlate to the number of stromal cells or adipocytes per gram of adipose tissue or total body, nor with the capacity of preadipocytes to undergo differentiation and the ratio of stromal cells to adipocytes. CONCLUSION: There seems to be a constant ratio between the number of adipose tissue stromal cells and adipocytes independently of BMI and age in humans. During adipose tissue expansion, there seems to be both a continuous increase in fat cell size, and in stromal cell and adipocyte number, but the increase in fat cell size apparently precedes the increase in fat cell number. The differentiation capacity of the stromal cells appears to decrease with increasing BMI.
Introduction
The cellularity of adipose tissue is thought to be the result of an enlargement of existing fat cells (hypertrophy), of proliferation and differentiation of adipocyte precursor cells (hyperplasia), or of a combination of both. 1 Studies during the last decades that measured fat cell size and total body fat have been dealing with adipose tissue cellularity throughout life. 2, 3 Based on such studies, it has been suggested that there are sensitive periods of adipose tissue development during childhood. 3, 4 Additional in vitro studies indicated that the rate of preadipocyte proliferation is highest during the first year of life and at prepuberty, but slows down during adolescence and remains constant during adult life when weight is stable. 5 However, adult humans may preserve the ability to form new adipocytes at any age out of a pool of dormant precursor cells. 6 Even preadipocytes from subjects older than 60 y showed a significant differentiation capacity, although a negative correlation between adult age and differentiation capacity was observed in this study. 6 Moreover, adult animals were shown to increase the adipocyte number in most of their adipose depots in response to a high fat or high carbohydrate diet.
Concerning adipose tissue cellularity in human obesity, the study of Knittle et al. 3 emphasized that childhood-onset obesity is characterized by a combination of both fat cell hypertrophy and hyperplasia, whereas in adulthood-onset obesity fat cell hypertrophy seems to be predominant. 2, 8 Moreover, no difference was found in the proliferation and/ or differentiation capacity between preadipocytes from obese and nonobese adult subjects. 9, 10 Nevertheless, in other studies adipocyte hyperplasia was seen during excessive weight gain in severely obese adult subjects. 8, 11 Therefore, it has been hypothesized that an increase in the number of fat cells in adults does not occur until the existing fat cells reach a critical size. 7, 8 The aim of the current study was to further investigate the human adipocyte precursor pool and its capacity to differentiate. Using preadipocytes and adipocytes from mammary adipose tissue samples and anthropometric measures of a large cohort of women, the total number of stromal cells and adipocytes per body was estimated and related to body mass index (BMI) and age. Additionally, the influence of BMI and age on the capacity for adipose differentiation was assessed based on in vitro data.
Methods

Subjects
Human adipose tissue was obtained from healthy women undergoing surgical mammary reduction. All women were free of metabolic or endocrine diseases, according to routine clinical examination and laboratory tests. Informed consent was obtained from the women before the surgical procedure. The study was approved by the ethical committee of the University of Düsseldorf. After being removed, adipose tissue samples of 100-200 g were immediately transported to the laboratory.
Preadipocyte isolation from mammary adipose tissue and primary culture of the cells Adipose tissue was dissected from fibrous material and visible blood vessels, weighed, minced into small pieces and digested in PBS containing 20 mg/ml BSA and 250 U/ml collagenase for 90 min at 371C. The completely disaggregated material was centrifuged for 10 min at 200 Â g and the pellet of stromal cells (ie preadipocytes) was resuspended in an erythrocyte lysis buffer (consisting of 0.154 mol/l NH 4 Cl, 10 mmol/l KHCO 3 and 100 mmol/l ethylenediamine tetraacetate) to remove contaminating red blood cells, filtered through a polypropylene mesh (pore size 250 mm) and centrifuged for 10 min at 200 Â g. The cell pellet was resuspended in DMEM/F-12 medium, filtered (pore size 70 mm) and the total cell number was determined microscopically using a Neubauer chamber. The cells were seeded in 12-well plates in a density of 33 000 cells/cm 2 and incubated in DMEM/F-12 medium, containing 50 mg/ml gentamycin and 10% fetal calf serum (FCS) for 20 h at 371C in 5% CO 2 to become attached. Then, cells were washed twice with PBS and differentiation was started using a chemically defined, serum-free medium. 6, 12 This medium consisted of DMEM/F-12 (50:50, v:v) with 10 mg/ml transferrin, 100 nmol/l cortisol, 66 nmol/l insulin, 200 pmol/l T 3 and 50 mg/ml gentamycin. Three wells each were also incubated with 500 mmol/l 3-isobutyl-1-methylxanthine (IBMX), 1 mg/ ml troglitazone or a combination of both substances. The cells were cultured for 16 days and the medium was renewed every 3 days. IBMX and/or troglitazone were added to the medium only for the first 3 days.
Assessment of preadipocyte differentiation
On day 16, the percentage of differentiated cells was determined for each differentiation condition, by counting differentiated and undifferentiated cells in five randomly selected areas (mm 2 ) under the microscope. In addition, differentiation was assessed by quantifying glycerol-3-phosphate dehydrogenase (GPDH) activity. Cells were washed with PBS and harvested in prechilled 50 mmol/l Tris-HCl buffer containing 1 mmol/l EDTA and 1 mmol/l mercaptoethanol. After sonification, aliquots of the cell extracts were added to an assay mixture containing 100 mmol/l triethanolamine HCl buffer (pH 7.5), 2.5 mmol/l EDTA, 0.12 mmol/l NADH and 0.1 mmol/l mercaptoethanol and GPDH activity was measured spectrophotometrically at 340 nm. The reactions were started by adding 0.2 mmol/l dihydroxyacetonphosphate. GPDH was expressed as mU/ ml Â relative number of cells (the mean of the total cell number counted in five randomly selected areas).
Isolation of mature adipocytes and determination of fat cell volume In a separate approach, adipose tissue samples from the same donors were dissected from fibrous material and visible blood vessels, minced into small pieces and digested in PBS containing 40 mg/ml BSA and 121 U/ml collagenase for 60 min at 371C. The cells were filtered twice through a polypropylene mesh (pore size 250 mm) and diluted in PBS containing 40 mg/ml BSA. Using direct microscopy, the diameter of 100 adipocytes was determined. The mean fat cell volume was calculated from these data, assuming that the cells were spherical. Using the density of triglycerides, fat cell weight was determined (assuming that lipids constitute 95% of the adipocyte volume).
Calculations
Percentage body fat was calculated from BMI and age using the formula of Deurenberg et al: . The total number of adipocytes of the body was calculated by dividing the kilograms of body fat by mean fat cell weight. The number of fat cells per gram of fat was calculated by dividing 1 g by mean fat cell weight. The total number of newly differentiated cells was calculated by: % differentiation/ 100 Â total number of stromal cells.
Statistics
Values are given as mean7s.d. A linear regression analysis (single and multiple) was used to analyse correlations. Statistical differences were analysed using Student's unpaired t-test. Statistical analysis was performed using SPSS 9.0 statistical software package (SPSS Inc., Chicago, USA).
Results
Selected clinical characteristics of the subject group are shown in Table 1 73.5 Â 10 9 cells, ranging from 1.7 Â 10 9 to 1.8 Â 10 10 cells (Table 2 ).
In a subgroup of the subjects (n ¼ 67), differentiation of the inoculated stromal cells was stimulated by standard conditions containing either IBMX or troglitazone or a combination of these two compounds in an adipogenic medium. As shown in Table 2 , the percentage of newly differentiated cells and GPDH activity was highest in the adipogenic medium supplemented with troglitazone and IBMX followed by the medium containing troglitazone alone, IBMX alone and neither IBMX nor troglitazone (paired t-tests, Po0.0001). Table 3 demonstrates that there was a positive and significant correlation between BMI on the one hand and age, mean fat cell size (volume), total number of adipocytes per body or total number of stromal cells per body on the other hand (Table 3 , r varying from 0.22 to 0.54, each Po0.05). In contrast, BMI correlated negatively to the number of fat cells or stromal cells per gram of fat (Table 3) . However, the ratio of stromal cells to adipocytes did not change with increasing BMI but remained stable. Table 3 also demonstrates that age correlated positively to the total number of adipocytes and stromal cells per body. However, after adjusting for colinearity between age and BMI in a multiple regression analysis, BMI but not age correlated independently with the number of adipocytes or stromal cells per body (data not shown). Age did not significantly correlate with fat cell size, nor with the ratio of total number of stromal cells to adipocytes nor the number of fat or stromal cells per gram of adipose tissue ( Table 3) .
As shown in Table 4 , BMI correlated negatively to the percentage of differentiated preadipocytes and GPDH activity (expressed per relative cell number) obtained with the four separate differentiation media (r varying from À0.20 to À0.37, each Po0.05). In contrast, age did not significantly Adipocyte hypertrophy and hyperplasia in human obesity V van Harmelen et al correlate with the percentage of differentiation nor GPDH activity (Table 4) . In Figure 1 , the study group was divided into three groups according to the BMI of the subjects. The first group consisted of lean women with a BMI o25 kg/m . Differences between the groups in total number of stromal cells, fat cells or fat cell volume are shown in box-plots. The overweight subject group showed a larger mean fat cell volume (unpaired t-test: Po0.05), but not a higher fat cell number or stromal cell number as compared to the lean subject group (unpaired ttests: NS). In contrast, the total number of adipocytes and stromal cells per body was significantly higher in the obese subject group than in the lean or overweight group (unpaired t-test: Po0.05). However, mean fat cell volume was not significantly higher in the obese group than in the overweight group (unpaired t-test: NS) (Figure 1) . Figure 2 shows the adipose differentiation capacity of preadipocytes differentiated in vitro in the presence of IBMX (Figure 2a and b) or troglitazone (Figure 2c and d) for the three BMI categories. In both differentiation media, the percentage of differentiated stromal cells and GPDH activity were significantly lower in the obese group as compared to the lean group (unpaired t-tests: each Po0.05), but not in the per body as well as fat cell volume (c) between lean, overweight and obese subjects. Box plot displays 10-90th percentiles of the variables. The variables of the obese and overweight subjects were compared to those of the lean subjects using an unpaired t-test. *Po0.05. 1 outlier. Number of subjects are in brackets.
Adipocyte hypertrophy and hyperplasia in human obesity V van Harmelen et al overweight group as compared to the lean group (unpaired ttests: each NS). Similar results were seen when the cells were differentiated using the standard differentiation medium or when the cells were differentiated in the presence of troglitazone together with IBMX (data not shown).
Since the percentage of in vitro differentiated stromal cells was decreasing with increasing BMI, whereas the total number of stromal cells was increasing with increasing BMI, we tried to estimate the total number of differentiated cells for each subject. In other words, the number of differentiated cells was corrected for the total number of stromal cells per body. Figure 3 shows the estimated number of differentiated preadipocytes for each BMI subgroup when the percentage of differentiated cells obtained with troglitazone and IBMX was used to assess this parameter. There was no difference in the total number of differentiating cells between the lean, overweight or obese group. Similar results were seen when percentage of differentiation obtained with the other three differentiation media was used to calculate the parameter (data not shown).
Discussion
Previous studies on adipose tissue cellularity in humans have shown that in childhood-onset obesity both adipocyte hyperplasia and hypertrophy are involved. 3 However, it is less clear whether adulthood-onset obesity is also accompanied by adipocyte hyperplasia. In the current study using a Adipocyte hypertrophy and hyperplasia in human obesity V van Harmelen et al large cohort of women, we were able to demonstrate that BMI correlated positively to fat cell size, total fat cell number and adipose tissue stromal cell number, suggesting that adipocyte hyperplasia might play a role also in obese adults. However, it turned out that mean fat cell volume, but neither fat cell number nor stromal cell number, were significantly higher in the overweight subgroup as compared to the lean subgroup. Fat cell number and stromal cell number, were, nevertheless, significantly increased in the obese subgroup when compared to the lean subgroup. Interestingly, the fat cell volume did not further increase in the obese subgroup when compared to the overweight subgroup. These results are in accordance with the hypothesis that weight gain is initially associated with an increase in fat cell size and, thereafter, when the cells have reached a critical size, by an additional increase in fat cell number. 7, 8 In the present study, we investigated for the first time the relative contribution of adipose tissue stromal cells and in vitro differentiating preadipocytes on adipose tissue cellularity. Although there was an increase in the total number of fat cells and stromal cells with BMI, there was a negative correlation between BMI and number of fat cells and stromal cells per gram of adipose tissue. This decrease of the number of cells per gram of adipose tissue might be explained by the enlargement of the fat cells (ie weight) with increasing BMI. It is interesting to note in this context that the ratios of stromal cells to fat cells were stable over all BMI and age categories, indicating that there may exist a critical balance between adipose precursor cells and mature adipocytes, possibly due to a paracrine cross-talk.
One important point of discussion is that the calculated number of fat cells was based on data obtained in mammary subcutaneous adipose tissue samples. We assumed that this depot is a good representative of the total body fat mass, as the subcutaneous depot as a whole is the major adipose tissue in the body representing at least 80% of total fat mass. Mean fat cell volume in mammary adipose tissue is roughly the same as in subcutaneous abdominal adipose tissue when corrected for BMI (unpublished observation). There is also no significant difference in mean fat cell diameter between abdominal and femoral adipose tissue in women.
14 A possible limitation of the study is that body fat mass of the subjects was only calculated from BMI and age, according to the formula of Deurenberg et al 13 rather than being determined by other techniques for the assessment of body composition. However, this formula has been shown to give valid estimates of body fat in males and females at all ages when compared to skin-fold thickness measurement or bioelectrical impedance analysis data. 13 Concerning preadipocyte differentiation, a negative correlation was found between the capacity of preadipocytes to differentiate in vitro under all standardized conditions and BMI. Differentiation capacity tended to be lower in the overweight group compared to the lean group, whereas it was significantly lower in the obese as compared to the lean subjects. The fact that the preadipocytes of the obese subjects showed a reduced differentiation capacity both when differentiated in the presence and absence of troglitazone suggests that the above observations are not due to a potential difference in troglitazone sensitivity between lean, overweight and obese subjects. One may hypothesize that in the obese state, the pool of precursor cells that have a high capacity to differentiate or that are in a late state of the developmental process is diminished. Previous studies from our group indicated that the stromal cell fraction represents a rather homogeneous population of preadipocytes detectable by tiny lipid inclusions, suggesting that almost all cells are true preadipocytes. 15 This may also be supported by the observation that in some cultures more than 85% of the cells develop into lipid-filled adipocytes. However, our knowledge of the cellular composition of the stromal cell fraction of adipose tissue is rather poor and specific markers of human preadipocytes are still missing. Another explanation for the phenomenon of a decreased differentiation rate in the stromal cell fraction of obese subjects could be that enlarged fat cells may produce and release factors that may inhibit the differentiation of human adipocyte precursor cells. The existence of such a factor or factors has been suggested by some recent studies. [16] [17] [18] [19] However, according to our estimations for the total number of preadipocytes able to undergo differentiation there was no true decrease in the number of differentiating preadipocytes in the body. It is also noteworthy that there appears to exist a parallel increase of the total pool of preadipocytes with increasing BMI thereby providing the source for a further expansion of the adipose tissue organ in case of continuous energy excess. Adipocyte hypertrophy and hyperplasia in human obesity V van Harmelen et al
There was a positive correlation between age and total number of fat cells or stromal cells. However, after adjusting for colinearity between age and BMI, these correlations disappeared. In fact, no correlation was found between age of the subjects and the differentiation capacity of the preadipocytes. These results suggest that there is a constant pool of preadipocytes throughout life as long as weight is stable. In a former study from our group, a reduced differentiation of preadipocytes with age was observed in men and women but this association was not controlled for BMI. 6 The current study was performed on a much larger subject group of lean to obese women. Moreover, the former study was performed using abdominal subcutaneous adipose tissue samples and it is not fully excluded that there might be some regional differences in differentiation capacity, as has been shown before for subcutaneous abdominal and femoral adipose tissue. 14 The results of our study may also have some implications for the model of in vitro differentiated human adipocytes that is now becoming widely used for studies of human fat cell function. Our data indicate that stromal cells from adipose tissue samples from lean subjects warrant the highest differentiation capacity. In addition, our results also indicate that adipose tissue stromal cells from lean women independent of the age of the donor are a good source for in vitro differentiating preadipocytes.
In conclusion, our data suggest that there exists a constant pool of adipocyte precursor cells relative to the number of adipocytes in humans. During the development of obesity, there seems to be both an increase in fat cell size and preadipocyte and adipocyte number. However, the increase in fat cell size appears at an earlier stage of adipose tissue expansion than the increase in fat cell number. The differentiation rate of the stromal cells seems to decrease along with the increase in body fat mass and fat cell hypertrophy, possibly due to a negative feedback inhibition by enlarged adipocytes.
